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A.  Introduction  &  Problem  Statement 

This  is  the  final  report  on  DAAL03-87-K-0012  which  ended  March  31,  1989.  The 
work  has  involved  the  use  of  Molecular  Beam  Epitaxy  to  grow  precisely  controlled  thin  layers 
of  ni-V  compound  semiconductors  for  applications  in  high-speed  optoelectronic  devices.  The 
program  was  intended  to  serve  as  a  hardware  complement  to  optical  computing  and  high-speed 
signal  processing  systems  work  funded  elsewhere  under  SDIO. 

The  focus  of  the  work  has  been  on  the  growth,  processing  and  characterization  of  novel 
quantum-confined  structures.  In  the  past,  such  quantum-well  or  quantum-wire  structures  had 
been  shown  to  hold  great  promise  for  advanced  device  applications,  but  until  recently  very  little 
of  this  promise  had  been  fulfilled.  Partly  as  a  result  of  this  program,  some  of  the  desirable 
characteristics  of  such  structures  have  been  realized  for  the  first  time.  For  example,  the  first 
clear  measurements  of  lateral  quantum-confinement  in  quantum- wire  arrays  were  obtained  on 
layers  grown  by  sub-atomic  layer  epitaxy  on  off-axis  substrates.  In  fact,  the  world’s  first 
quantum-wire  lasers  were  recently  demonstrated  with  such  material.  These  are  clearly 
breakthrough  results.  However,  these  are  but  two  examples  of  progress  that  will  be 
summarized  in  this  report  The  body  of  work  has  been  concerned  with  creating  and  evaluating 
novel  waveguided  as  well  as  surface-emitting  (transverse)  device  structures.  In  both  areas, 
significant  advances  have  resulted  as  well.  As  a  final  example,  consider  the  proposal  of 
surface-emitting  lasers  with  segmented  periodic-gain.  This  structure  has  led  to  record  low 
threshold  pumping  levels.  It  currently  is  being  wid  ’H  '  nitated. 

The  report  begins  with  a  summary  of  the  quality  and  characteristics  of  the  AlGaAs  and 
InGaAs  quantum-well  material  that  is  being  grown  in  our  new  ARO-Genll  MBE.  It  then 
proceeds  with  a  review  of  some  experimental  and  theoretical  results  for  quantum-wire  and 
strained-layer  structures,  including  lasers.  In  the  third  section  novel  transverse  modulators  and 
lasers  that  use  vertical  Fabry-Perot  cavities  arc  discussed,  and  in  the  final  section  the  work  with 
novel  guided  wave  structures  is  summarized. 
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B.  Summary  of  Accomplishments 

MBE  Materials  growth  &  characterizarion 

a.  General  growth  characteristics 

For  the  successful  growth  of  novel  optoelectronic  device  structures,  we  have  worked  to 
make  sure  that  we  can  grow  good  material  and  quantum  well  lasers  that  have  good 
photoluminescence  characteristics.  In  Fig.  1.1,  we  show  photoluminescence  data  for  a 
multiquantum-well  sample;  the  peak  at  6468  A  can  be  ascribed  to  emission  from  a  quantum 
well  approximately  10  Awide.  Its  full-width-at-half-maximum  is  14  meV,  which  is  state-of- 
the-art  [I.l]  for  such  a  narrow  well,  indicative  of  the  smoothness  of  the  layers  at  the 
heterointerface.  Our  laser  effort  has  been  concentrated  on  quantum  well  lasers.  Fig  1.2  is  a 
light-current  plot  and  a  current-voltage  curve  for  a  broad-area  graded-index-separate- 
confinement-heterostructure  (GRINSCH)  laser.  Its  threshold  current  density  is  270  A/cnfi,  a 
value  comparable  to  the  lowest  ever  achieved  for  a  structure  with  the  thicknesses  and 
compositions  used.  (Lower  values  have  been  obtained  by  using  much  higher  A1  content  in  the 
cladding  regions  in  very  long  devices.) 

Another  measure  of  epilayer  quality  is  the  mobility  which  can  be  achieved  in  a 
modulation  doped  structure.  To  this  end  we  have  pursued  the  growth  and  characterization  of 
such  high  mobility  structures  and  have  obtained  4  K  mobilities  as  high  as  1  x  10^  cm^A^-s 
using  a  450  A  undoped  setback  as  illustrated  in  Fig.  1.3.  This  high  mobility  is  an  indicator  of 
extreme  material  purity  and  is  comparable  to  the  highest  values  ever  achieved. 

b.  Automation  package 

In  order  to  facilitate  the  reliable  growth  of  complicated  heterostructures,  such  as  those 
mentioned  above,  an  extensive  software  program  (called  MBE  Master)  was  developed. 
Shutters,  oven  temperature  set  points,  substrate  temperature,  substrate  position,  and  substrate 
rotation  speed  are  all  under  software  control.  MBE  Master  includes  a  full  screen  editor  which 
permits  the  user  to  specify  a  series  of  commands  (called  a  growth  program)  by  typing  text. 
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Fig.  I.  1.  Photoluminescence  data  for  a 
multiquantum- well  sample. 
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Fig.  I.  2.  A  light-current  plot  and  a  current- 
voltage  curve  for  a  broad-area  graded-index 
separate-confinement-heterostructure 
(GRINSCH)  laser. 
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Fig.  I.  3.  The  growth  and  characterization  of 
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The  growth  rate  of  every  material  to  be  grown  is  specified  at  the  beginning  of  the  growth 
program  and  then  each  layer  is  specified  on  a  subsequent  line  by  defining  which  material  is  to 
be  grown,  the  thickness  of  the  layer,  and  the  dopant  source  if  any.  In  addition  to  specifying 
the  layers,  commands  such  as  rotation  speed,  time  delays,  and  oven  setpoint  changes  can  be 
included  at  any  point  in  the  growth. 

After  the  growth  program  is  complete  it  can  be  stored  on  a  hard  disk  for  immediate  recall 
at  a  later  time  or  it  can  be  executed.  When  the  growth  commences,  MBE  Master  compiles  the 
growth  program  and  puts  up  a  graphic  display  indicating  which  shutters  are  open,  current  oven 
temperatures  and  other  details.  The  growth  then  proceeds  totally  without  operator  assistance 
and  the  user  is  notified  when  it  is  complete. 

The  MBE  Master  program  has  made  it  possible  to  repeatably  and  reliably  grow 
structures  with  arbitrary  levels  of  complication.  The  user  can  specify  nested  loops  and  even 
subprograms  so  that  growth  programs  for  complex  structures  are  compact  and  easy  to  enter. 

c.  Parabolic  quantum-well  structure 

Another  interesting  structure  that  has  been  studied  in  the  ARO  MBE  is  the  grown- in 
parabolic  well.  In  work  partially  funded  by  AFOSR  this  has  been  done  by  using  the  computer 
to  "digitally"  chop  the  material  x-value  in  order  to  obtain  a  parabolic  grading  of  the  potential. 
Then  when  the  material  outside  the  well  is  doped  the  well  fills  up  with  electrons  and  the  bottom 
flattens  out  resulting  in  a  uniform  three-dimensional  electron  gas.  This  then  allows  studies  of 
the  physics  of  a  high  mobility  3-D  electron  gas. 

d.  Low  temperature  laser  growth 

The  conventional  wisdom  for  growth  of  lasers  by  MBE  is  that  a  high  substrate 
temperature  (-7(X)°C)  is  required  for  low-threshold  current  density  lasers.  However,  high 
growth  temperatures  are  undesirable  for  several  reasons:  increased  dopant  diffusion,  gallium 
reevaporation  (which  can  make  control  of  x-values  more  difficult),  and  increased 
incompatibility  with  the  growth  of  lasers  with  InGaAs  active  layers.  For  example,  in  one 
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structure  that  we  have  been  studying,  the  surface-emitting  laser  with  periodic  gain,  the  total 
epi-layer  thickness  can  be  quite  high  and  there  may  be  several  highly-doped  p-type  layers. 
Dopant  diffusion  during  growth  can  be  a  difficult  problem  to  control.  Thus,  we  have  worked 
on  growing  lasers  by  MBE  at  relatively  low  growth  temperatures.  We  have  pursued  two 
avenues:  use  of  superlattice  layers  for  the  laser  cladding  layers  and  use  of  a  new  high-purity 
aluminum  source  for  growth  of  our  AlGaAs.  Regarding  the  use  of  superlattice  (SL)  cladding 
layers,  we  have  achieved  good  results  in  conventional  GaAs-active  double  heterostructure 
lasers  with  threshold  current  densities  of  -SOOA/cm^  in  lasers  growth  at  temperature  of  540°C 
(again  near  state-of-the-art  for  this  configuration)[I.2]. 

In  control  samples  using  growth  at  low  temperatures  with  conventional  alloy  cladding 
layers,  lasing  was  either  not  observed  or  occurred  erratically  at  high  threshold  current  densities. 
We  attribute  the  low  laser  thresholds  in  our  SL  samples  to  trapping  of  impurities  that  could  act 
as  non-radiative  recombination  centers.  We  have  also  tried  the  SL  approach  for  growth  of 
lasers  with  quantum  well  active  layers;  however,  the  SL  approach  does  not  seem  to  improve 
laser  quality  in  QW  laser  samples  grown  at  low  substrate  temperatures.  Photoluminescence 
studies  are  currently  under  way  to  attempt  to  understand  the  observed  data.  We  have  also 
recently  installed  a  new  high  purity  aluminum  source  in  the  ARO  Gen  II  [1.3].  Y.  Shiraki  and 
coworkers  demonstrated  that  they  could  grow  AlGaAs  at  low  temperatures  and  see  good 
photoluminescence  properties.  We  have  grown  a  single  quantum  well  separate  confinement 
heterostructure  laser  at  a  substrate  temperature  of  6(X)°C;  it  has  a  threshold  current  density  of 
~550  A/cm^,  a  relatively  low  value  which  indicates  the  promise  of  the  high  purity  aluminum 
source  for  laser  growth.  Lasers  grown  at  such  a  low  temperature  with  our  old  aluminum 
source  did  not  lase.  We  have  not  tried  to  grow  a  laser  structure  at  lower  temperatures,  although 
one  might  expect  substrate  temperatures  in  the  500°C  range  to  be  possible, 
e.  GalnAs  strained-layer  QW  lasers 

Recently  there  has  been  increasing  interest  in  the  potential  of  pseudomorphic  strained- 
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layer  materials  for  use  in  electronic  and  optoelectronic  applications.  It  has  been  shown 
theoretically  [1.4]  that  replacing  a  normal  unstrained  quantum  well  with  a  strained  material  in  a 
laser  can  decrease  the  threshold  current  density  of  the  device.  We  have  also  recently  shown 
that  the  relaxation  frequency  can  also  be  quite  high  in  such  structures  [1.5].  Experimentally, 
we  have  made  progress  toward  incorporating  GalnAs  quantum  wells  in  lasers.  Broad  area 
lasers  have  been  fabricated  from  a  laser  structure  incorporating  a  single  80  AGao.8lno.2As 
quantum  well.  Results  arc  shown  in  Fig.  1.4.  The  threshold  current  density  for  this  SCH  was 
530  A/cm^  and  the  single  facet  differential  quantum  efficiency  was  30%.  The  lasing 
wavelength  was  0.995  |J.m.  Current  efforts  with  strained  layers  include  incorporation  into 
vertical  cavity  surface  emitting  lasers  and  plans  for  use  in  Fabry-Perot  modulators  and  other 
optoelectronic  devices. 

/.  Tilted  Superlattices  by  MBE 

Lx)w  dimensional  structures  having  quantum  confinement  in  two  or  three  dimensions 
such  as  quantum  well  wires  (QWW's)  and  quantum  well  boxes  have  in  the  last  few  years 
attracted  much  attention  not  only  for  their  potential  in  uncovering  new  phenomena  in  solid  state 
physics  but  also  for  their  potential  device  applications.  A  new  approach  to  control  the 
nucleation  and  growth  kinetics  available  with  molecular  beam  epitaxy  (MBE)  on  vicinal 
substrates  has  made  possible  the  direct  growth  of  lateral  superlattices.  The  lateral  dimensions 
in  those  structures  are  in  the  low  nanometer  range  and  match  the  requirement  for  device 
applications.  It  is  currently  the  only  technique  to  make  QWW  arrays  with  these  dimensions, 
and  initial  measurements,  as  reported  in  the  following,  suggest  that  it  may  be  an  extremely 
powerful  technique  for  QWW  device  structures. 

We  have  demonstrated  successfully  for  the  first  time  GaAs/AlAs  superlattices  having 
interface  planes  tilted  with  respect  to  the  substrate  surface  plane  [1.6].  The  amount  of  tilt  and 
the  superlattice  period  can  be  controlled  by  adjusting  the  growth  parameters  (see  Fig. 1. 5). 
TSL's  were  produced  by  depositing  fractional  monolayer  superlattices  (GaAs)m(AlAs)n,  with 
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p=m+n  -  1,  on  vicinal  (001)  substrates.  The  TSL  was  clearly  observed  in  the  transmission 
electron  microscopy  cross  section  of  the  sample. 

We  also  observed  spontaneous  growth  of  coherent  tilted  superlattice  on  vicinal  ((X)l) 
GaAs  substrates  [1.7].  Periodic  A1  composition  modulations  have  been  formed  spontaneously 
during  MBE  of  AlGaAs  on  vicinal  (001)  substrates.  The  formation  of  the  A1  modulation 
requires  one  monolayer  -  coherent  deposition  of  A1  and  Ga  atoms  per  cycle  by  inigration 
enhanced  epitaxy  (C-MEE,  see  Fig.  1.6  (a)).  Hence  the  denomination  of  coherent  tilted 
superlattice  (C-TSL).  In  Fig.  1.6  (b),  cross  sectional  transmission  electron  microscopy  clearly 
shows  that  the  C-TSL  has  the  periodicity  of  the  surface  steps.  We  clarified  that  the  A1  rich 
regions  of  the  C-TSL  form  at  the  bottom  of  steps  before  the  As  flux  is  established.  This  is  one 
of  clear  evidences  that  growth  kinetics  and  bonding  nature  of  A1  and  Ga  atoms  on  the  steps 
play  important  roles  in  MBE. 
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Fig.  I.  4.  Broad  area  strained-layer  QW  laser  L-I  characteristic. 
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Fig.  I.  5.  Idealized  representation  of  a  tilted 
superlattice  grown  by  alternating-beam  deposition,  (a) 
Cross  section,  perpendicular  to  the  step  edges,  of  a 
superlattice  with  p  =  1.25.  The  inset  shows  the 
arrangement  of  the  As  bonds  with  respect  to  the  step 
edges,  (b)  Detail  of  growth,  showing  the  order  of 
atomic  depositions.  Numbers  in  (a)  refer  to  partial 
monolayers  deposited  in  (b). 


AIGaAs 
<<by  Gl  mode 


-j  A'GbAs 
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Fig.  1.  6.  (a)  Schematic  of  the  shutter  opening  an 
closing  sequences  for  the  C-MEE  mode  and  for  th 
G1  mode  where  growth  interruption  is  introduce 
after  each  one  monolayer  MBE  deposition  of  A1  an 
Ga  with  As  flux,  (b)  Dark  field  TEM  cross-sectio 
micrograph  of  AIGaAs  layers  grown  on  a  1*  of 
wafer  by  MBE,  in  the  C-MEE  mode,  and  the  G 
mode.  The  operating  Bragg  reflection  is  (200).  Th 
Al-rich  regions  correspond  to  the  lighter  areas  in  th 
micrograph. 
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n.  Ouantum-Wdl-Wire  and  Strained-laver  Calculations  and  Measurements 
a.  Optical  properties  of  quantum  well  wires  using  TSL's  and  QWW  lasers 

The  performance  of  optical  devices  with  quantum-well-wires  and  quantum-well-boxes  is 
expected  to  exceed  those  with  quantum  well  layer  structures  in  many  aspects.  However,  to 
realize  the  predicted  superior  properties,  in-plane  dimensions  in  the  low  nanometer  range,  in 
addition  to  small  vertical  sizes,  are  required.  The  lateral  dimensions  of  TSL's  as  introduced 
above  are  typically  in  the  low-nanometer  range  (~  20  -  100  A)  and  suitable  for  QWW  device 
applications. 

We  designed  a  QWW  array  shown  in  the  inset  of  Fig.  II.  1  on  a  vicinal  (001)  semi- 
insulating  GaAs  substrate  tilted  2°  toward  [110];  the  average  step  size  is  8  nm.  In  this 
structure,  carriers  are  expected  to  be  pushed  from  the  TSL  region  to  the  GaAs  layer  and  be 
confined  laterally  by  the  potential  variation  of  the  TSL  (~  4  nm  GaAs  /  4  nm  AlAs).  (Quantum 
level  broadening  due  to  the  step  size  fluctuation  is  calculated  to  be  smaller  because  of  the 
relatively  weak  lateral  confinement  as  compared  to  QWW's  with  fully  surrounding  AlAs 
barriers.  A  photoluminescence  (PL)  study  was  carried  out  on  this  structure.  A  strong 
anisotropy  was  observed  in  the  ratio  of  the  electron-light  hole  exciton  peak  intensity  to  the 
electron  -  heavy  hole  exciton  peak  intensity  in  PL  excitation  spectra  whereas  no  polarization 
dependence  was  observed  in  a  single  quantum  well  as  shown  in  Fig. II. 2  [II. 1].  Relative 
matrix  elements  of  optical  transitions  were  calculated  by  taking  the  optical  selection  rules  into 
account.  The  observed  optical  anisotropy  was  well  explained  by  the  theory.  These  results 
constitute  the  first  evidence  of  two  dimensional  quantum  confinement  in  artificial  wire 
structures  having  cross-sectional  dimensions  in  the  nanometer  range.  The  data  show  that  such 
structures  have  great  promise  for  use  in  novel  optical  devices. 

’  asers  with  quantum- well-wire  (QWW)  active  regions  have  been  demonstrated  using  the 
tilted  superlattice  (TSL)  structures  [II.2,  II.3].  The  TSL-QWW's  consist  of  a  5  nm  GaAs  layer 
and  a  5  nm  AlGaAs  (x  =  0.25)  -  GaAs  TSL  layer  which  are  sandwiched  by  AlGaAs  (x  =  0.25) 
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waveguide  and  AlGaAs  (x  =  0.5)  cladding  layers  (see  Fig.  II.  1).  Experimental  results  are 
shown  in  Fig.  II.3.  Threshold  current  density  as  low  as  470  A/cm^  and  differential  quantum 
efficiency  of  22  %  per  facet  were  obtained  in  a  laser  thus  fabricated  with  a  long  cavity  (990 
pm)  at  room  temperature.  The  lasing  wavelength  was  827.7  nm  which  corresponds  to  the 
QWW  state  energy.  Measured  modal  gain  spectra  were  as  narrow  as  those  of  typical  single 
QW  lasers.  Characteristic  temperatures  Tq  were  80  -  130  ®K.  Although  superior  properties  of 
QWW  lasers  were  not  observed,  due  to  both  nonoptimal  device  geometry  and  MBE  growth 
parameters,  the  quality  of  the  TSL-QWW  is  still  high  enough  to  demonstrate  good  lasers.  This 
is  the  first  report  of  lasing  action  in  a  laterally  structured  device  in  which  unambiguous  lateral 
confinement  of  carriers  exists.  We  have  also  observed  clear  exciton  absorption  in  the  TSL- 
QWWs  at  room  temperature,  which  leads  to  possible  optical  devices  using  excitonic  effects. 
b.  Extremely  wide  modulation  bandwidth  in  a  low  threshold  current  strained  quantum  well 
laser 

Lasing  characteristics  of  strained  quantum  well  (QW)  structures  such  as  InGaAs/AlGaAs 
on  GaAs  and  InGaAs/InAlAs  on  InP  were  analyzed  by  taking  into  account  the  band  mixing 
effect  in  the  valence  band.  A  relaxation  oscillation  frequency  fj-,  which  gives  a  measure  of  the 
upper  modulation  frequency  limit,  was  found  to  be  increased  by  3  times  in  a  50A 
Ing  9Gafl  jAs/Ino.52Alo.48As  QW  structure  compared  with  that  in  a  50A  GaAs/Alo  4Gao  5AS 
QW  structure  for  the  undoped  case.  One  of  the  main  factors  for  this  improved  frequency  band 
width  is  attributed  to  the  reduced  subband  nonparabolicity  as  well  as  the  reduced  valence  band 
density  of  states  in  the  strained  QW  structure.  The  corresponding  lasing  threshold  current  is 
one-order  of  magnitude  smaller  than  that  of  the  GaAs/AlGaAs  QW  structure.  With  a  p-doping 
in  the  QW  the  fj-  value  increases,  and  the  3-dB  cutoff  frequency  of  about  90  GHz  will  be 
expected  with  an  acceptor  concentration  of  5x10**  cm'^  in  the  Ino  9Gao  iAsAno  52Alo.48As 
QW. 

There  has  been  increasing  interest  in  the  high-frequency  modulation  capability  of 
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semiconductor  lasers  to  realize  high  bit-rate  optical  fiber  communication  and  high  speed  opto¬ 
electronic  integration.  The  direct  modulation  bandwidth  of  a  senuconductor  laser  is  given  by 
the  relaxation  oscillation  comer  frequency  ff  which  is  of  the  form[II.4]. 


where  Sq  is  the  stationary  photon  density  in  the  cavity,  G  is  the  differential  gain  (i.  e., 
G=dg/dn  where  g  is  the  optical  gain  and  n  is  the  carrier  concentration),  Tp  is  the  photon 
lifetime,  nr  is  the  refractive  index  of  the  laser  medium,  and  c  is  the  light  velocity.  There  have 
been  various  attempts  to  increase  the  fr  value  such  as  high  output  power  operation  to  increase 
the  So  value,  quantum  well  (QW)  structures[n.5]  and  low  temperature  operation  to  increase 
the  G  value,  and  short  cavity  lasers  to  reduce  the  Xp  value.  In  addition  to  these  experiments  to 
improve  the  laser  structure  and  the  operation  conditions,  p-type  doping  in  the  QW  was 
proposed  to  increase  the  G  value[II.6]. 

From  a  materials  viewpoint,  progress  in  epitaxial  growth  techniques  has  made  it  possible 
to  employ  a  strained  QW  structure  as  an  active  layer  of  a  senuconductor  laser.  Continuous 
wave  room  temperature  operation  was  reported  in  a  strained  Ino37Gafl  63As/AlyGai.yAs  QW 
laser  with  the  low  lasing  threshold  current  density  (J^h)  of  .-ISOA/cm^  where  the 
Ino.37Ga()  63AS  well  layer  is  under  a  2.6%  biaxial  compression[II.7].  The  reduction  of  was 
proposed  theoretically  in  strained  QW  structures[II.8,9].  This  was  based  on  the  reduction  of 
the  valence  band  effective  mass  by  the  biaxial  compression  in  the  plane  of  the  QW,  which  may 
reduce  the  J^h  value.  But  the  theory  was  corrected  later[II.10]  so  that  the  effective  mass  at  the 
zone  center  is  independent  of  the  strain. 

In  our  work  we  have  shown  for  the  first  time  the  extreme  high-speed  capability  of 
strained  QW  structures  in  addition  to  the  low  threshold  current  property  from  the  theoretical 
comparisons  between  the  strained  and  unstrained  QW  laser  structures.  It  was  found  that  a 
reduction  of  the  valence-band  effective  mass  comes  from  a  lifting  of  the  band  degeneracy  in  the 


15 


QW  structure,  and  that  the  main  factor  which  gives  the  above  different  laser  properties  is  the 
nonparabolicity  in  the  valence-band  subband  structures  due  to  the  band  mixing  and  the  related 
increase  of  the  valence-band  density  of  states  (DOS). 

The  laser  properties  were  calculated  for  several  material  combinations  of  interest,  i.e., 
two  unstrained  QW's  of  GhAs/AIq  4Gao  gAs  on  GaAs  and  Ino.53Gao.47As/InP  on  InP,  and 
two  biaxially  compressed  QW's  of  Ino  37Gao.63As/Alo.4Gao.6As  on  GaAs  and 
Ino.9Gao.1As/Ino  52Alo  48As  on  InP.  For  the  purpose  of  comparing  the  material  properties,  the 
QW  width  was  assumed  to  be  50A  in  all  cases.  The  critical  thickness  for  causing  misfit 
dislocations  in  the  strained  In^Gaj.^As  QW  structure  is  estimated  to  be  about  95A  for  2.6% 
biaxial  compression.  A  threshold  optical  gain  of  1000  cm-i  was  assumed  for  all  the  systems  to 
be  discussed  in  the  following.  The  photon  lifetime  is  taken  to  be  2  ps  .  The  TE-polarization 
was  assumed  for  the  gain  calculation. 

The  calculated  relaxation  oscillation  frequency  f^  versus  the  p-type  doping  level  is  shown 
in  Fig.  n.4  for  the  four  material  systems.  An  optical  output  power  P^ut  of  20  mW  from  a  2  pm 
wide  stripe,  i.e.,  20  mW/(2pmx0.01  pm/0.05)  was  assumed  in  the  calculation,  which  is  a 
feasible  power  level  even  in  the  strained  QW  laser  structure[II.4].  The  oscillation  wavelength 
assumed  for  each  system  is  0.81  pm  for  GaAs/Alo  4Gao.6As,  1.04  pm  for 
Ino.37Gao.63As/Alo.4Gao  gAs,  1.39  pm  for  Ino  53Gao.47As/InP,  and  1.89  pm  for 
Ino  9Gao.iAs/Ino  52Alo.48As  which  were  calculated  from  the  lowest  transition  energies  for  the 
50A  QW's.  In  each  material  system  in  Fig.  II.4,  the  upper  and  lower  curves  were  calculated 
with  the  [100]  and  [110]  dispersions  for  the  subbands  in  the  valence  band,  respectively.  In  the 
strained  case,  the  difference  of  the  two  curves  are  small  because  of  the  reduced  subband 
nonparabolicity  and  the  isotropic  hole  mass  near  the  QW  valence-band  edge.  The  increase  of 
the  fj  value  in  the  undoped  strained  systems  such  as  Ino37Gao  63As/Alo4Gao.6As  and 
Ino  9Gao.iAs/Ino.52Alo48As  is  clearly  seen  in  Fig.  n.4.  This  is  because  the  Fermi  level  in  the 
valence  band  of  the  strained  QW  easily  shifts  for  a  change  of  the  carrier  concentration  due  to 
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Fig.  II.4  Relaxation  oscillation  frequency  vs.  acceptor  concentration  in  the  well  was  calculated 
for  two  unstrained  QW's  of  GaAs/Alo^Gao.^As  and  Ino^3Gao.47AsAnP,  and  for  two  biaxially 
compressed  QW's  of  Ino  37Ga()  53As/AlQ4Gao  ^As  and  InQ  ^Gag  jAsAng  52AIQ  4gAs.  In  each 
material  system,  the  upper  and  lower  curves  were  calculated  with  the  [100]  and  [110] 
dispersions  for  the  valence  subbands,  respectively. 
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the  reduced  DOS  near  the  band  edge  as  shown  in  Fig.  11.4(b)  and  the  resultant  increase  of  the 
differential  gain.  The  larger  improvement  in  the  Ino  9Gao.iAs  system  is  attributed  to  the 
smaller  conduction  band  effective  mass  and  the  longer  oscillation  wavelength.  For  the 
undoped  Ino.9Gao  jAs/Ino  52Alo  4gAs  system,  the  f^  value  is  about  3  times  larger  than  that  of 
the  GaAs/Alo  4Gao.6As  system  and  it  reaches  as  high  as  67  GHz  with  the  acceptor  doping  level 
of  SxlQi^cm'^.  Since  the  3-dB  cutoff  frequency  is  given  by  1.2  f^  -1.5  fj  ,  the  3-dB  cutoff 
frequency  near  90  GHz  is  expected.  When  the  same  photon  density  Sq  is  assumed,  the 
unstrained  GaAs/Alo.4Gao.6As  and  Ino  53Gao.47AsAnP  systems  give  almost  the  same  f^ 
values.  The  f,  value  in  the  GaAs  system  increases  with  p-doping  of  1x10^^  cm'^  by  70-80% 
compared  with  the  undoped  case,  which  is  in  reasonable  agreement  with  the 
measurement[II.4] . 

The  calculated  lasing  threshold  current  density  for  the  In^  9Gao  jAs/In^  52AI0  48AS  QW 
is  about  43  A/cm^  and  is  slightly  reduced  with  the  p-doping,  which  is  about  1/9  of  that  for  the 
GaAs/Alfl  4Gao  gAs  QW.  The  assumed  twin  50A  QW  is  not  the  optimum  structure  for  the 
reduction  of  the  threshold  current  and  it  will  be  reduced  further  with  an  adequate  design.  The 
Auger  recombination  which  increases  the  threshold  current  in  the  long  wavelength  lasers  was 
not  included  in  the  present  calculation,  but  it  will  be  effectively  reduced  in  the  strained  system 
since  the  carrier  concentration  at  threshold  is  9x10^^  cm’^  in  the  strained  Ioq  9Gao  jAs  system 
and  is  reduced  to  -,1/3  of  that  in  the  unstrained  Ino.53Gao47As  system. 
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ni.  Novel  Transverse  Modulators  and  Lasers 
a.  Fabry-Perot  surface-normal  modulator  work 

Although  the  primary  device  funding  for  this  work  was  provided  by  AFOSR,  the 
essential  materials  base  support  was  partially  provided  by  ARO.  Thus,  we  summarize  the 
achievements  very  briefly  here.  As  shown  in  Fig.  IIl.l,  the  device  consists  of  an  optical  cavity 
enclosed  by  quarter-wave  stack  dielectric  mirrors  which  are  formed  in  the  same  growth  cycle  in 
the  MBE  machine  [ELI].  The  top  mirror  is  typically  doped  p-type,  the  bottom  mirror  is  doped 
n-type  and  the  cavity  is  typically  filled  by  undoped  multiple  quantum- well  (MQW)  material.  A 
reverse  bias  to  this  pin  diode  provides  an  electric  field  across  the  active  MQW  region  to 
modulate  its  absorption  and  index  of  refraction.  For  most  of  the  experiments  the  index  change 
has  been  primarily  used  to  shift  the  resonant  frequency.  This  leads  to  a  changing  reflectivity 
for  wavelengths  near  the  Fabry-Perot  resonances.  To  date  on-off  ratios  >10:1  with  <  lOV 
applied  and  ~3dB  insertion  losses  have  been  achieved. 
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Fig.  IIl.l.  Scanning  electron  microscope  cross-section  of  Fabrj’-Perot  resonator.  The  two- 
quarter  wavelength  stacks  (light/dark  regions  on  photo)  are  separated  by  an  MQW  active  lai  er. 
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b.  Vertical-cavity  surface-emitting-lasers 

Our  research  in  the  area  of  vertical  cavity  Surface-Emitting  Lasers  (SEL's)  can  be  broken 
down  into  three  main  components:  (1)  design  and  analysis  of  novel,  efficient  SEL  structures, 
(2)  MBE  growth  and  optical  pumping  characterization  of  optimally  designed  structures,  and  (3) 
development  of  new  fabrication  processes  for  electrically  pumping  these  devices.  We  have 
made  considerable  progress  in  all  three  areas. 

Previous  to  our  work,  all  SEL  designs  had  striven  to  have  morc-or-less  uniform  gain  along 
the  length  (vertical  axis)  of  the  active  region.  We  introduced  the  concept  of  what  is  now 
commonly  known  as  periodic  gain  [III.2].  The  periodic  placement  of  gain  within  the  active 
region  was  analysed  and  shown  to  provide  a  factor  of  two  reduction  in  threshold  current  over 
ordinary  uniform  gain  lasers  [111.2,  III.3].  The  periodic  gain  concept  is  illustrated  in  Fig.III.2. 
With  the  gain  material  placed  on  half-wavelength  centers  along  the  length  of  the  active  region,  it 
is  possible  to  increase  the  net  modal  gain  by  aligning  the  gain  segments  with  electric  field 
standing  wave  maxima  as  illustrated.  Since  the  peak  of  a  (sin)^  function  is  twice  its  average 
value,  we  can  see  how  a  factor  of  two  can  be  gained.  Put  another  way,  we  save  the  current 
required  to  pump  the  material  near  the  minima  by  replacing  it  with  transparent,  higher  band  gap 
layers.  This  configuration  also  has  the  advantage  of  having  a  much  larger  modal  gain  for  one 
particular  longitudinal  mode  since  the  periodic  gain  segments  match  only  the  standing  wave 
pattern  of  this  one  mode.  This  factor,  in  fact,  becomes  the  dominant  mechanism  of  mode 
selection  in  our  scheme.  Using  modem  MBE  or  MOCVD  technology  it  is  easy  to  implement 
such  a  periodic  gain  structure. 

We  implemented  our  periodic  gain  design  by  growing  SEL  wafers  using  the  ARO  Varian 
Gen  II  MBE  machine.  The  first  optical  pumping  results  performed  on  our  samples 
demonstrated  the  lowest  power  density  lasing  threshold  reported  at  that  time  [III.3-III.6].  Very 
nanow  spectral  line  widths  were  also  observed  on  these  samples  (see  Fig.  III.3).  These  initial 
measurements  were  performed  at  Sandia  National  Labs  in  a  collaborated  effort.  The  lowest 
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Fig.III.2  Schematic  of  Uniform  and  Periodic  Gain  SEL's.  The  active  regions  are  indicated  in 
black.  In  the  PG  structure,  the  active  regions  are  lined  up  with  the  optical  standing  wave 
peaks,  which  are  illustrated  at  the  right.  Light  propagates  back  and  forth  in  the  venical 
direction. 
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Fig.III.3  Room  temperature  optical  pumping  results  on  periodic  gain  DBR-SEL  test  wafers. 

(a)  Spectra  of  the  light  emitted  from  the  samples  for  steadily  increasing  dye  laser  pump  powers. 

(b)  Light-in  (incident  on  sample)  versus  light-out  (L-L).  The  spot  size  of  the  input  light  was  10 

|im  which  leads  to  a  threshold  input  power  density  of  2-3x10^  W/cm^  (after  including  input 
power  lost  to  reflection,  and  not  absorbed  in  the  active  region). 
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optical  power  density  threshold  measured  was  2-3  x  lO^W/cm^,  a  factor  of  five  lower  than 
previously  reported  results.  The  wafers  consisted  of  grown-in  distributed  Bragg  reflectors 
with  Alo.2Gao.8As/AlAs  alternating  quarter-wave  layers.  The  cavity  itself  consisted  of  20  - 
600  A  GaAs  active  segments  separated  by  Alo.3Gao.7As  passive  segments  much  like  that 
depicted  in  Fig.(in.2). 

We  have  since  then  set  up  our  own  optical  pumping  system  capable  of  fully  characterizing 
our  MBE  grown  SEL  wafers.  We  can  now  measure  optical  power  density  lasing  thresholds  in 
both  pulsed  and  CW  mode.  We  can  also  measure  external  quantum  efficiency,  near  and  far- 
field  patterns,  and  emission  spectra  below  and  above  threshold.  The  system  serves  as  a 
convenient  tool  for  quick  evaluation  of  our  just-grown  wafers.  Non-uniformities  in  MBE 
growth  make  it  such  that  lasing  action  occurs  more  efficiently  on  some  areas  of  the  wafer  than 
others.  Our  optical  pumping  system  has  been  used  to  determine  the  best  areas  of  the  wafer 
which  can  then  be  cleaved  up  and  used  for  actual  fabrication  of  devices. 

Recently,  we  have  used  our  optical  pumping  system  to  perform  the  first  direct  experimental 
comparison  of  two  optimally  designed  Distributed  Bragg  Reflector  Fabry- Perot  Surface- 
Emitting  Lasers  (DBR-SEL),  one  with  a  periodic  gain  (PG)  active  region  and  the  second  with  a 
uniform  gain  (UG)  active  region  of  equal  gain  and  cavity  length  [III. 7].  The  lasing 
characteristics  of  both  structures  demonstrated  very  low  power  density  thresholds 
(<  lO^W/cm^)  as  well  as  narrow  above  threshold  spectral  line  width  (<  However,  the 
threshold  power  density  of  the  PG  configuration  was  found  to  be  approximately  30%  lower 
than  the  UG  configuration,  the  lowest  threshold  being  45-55kW/cm2  under  pulsed  mode 
operation  (1  [is,  lOOkHz)  (see  Fig.III.4).  The  differential  quantum  efficiency  of  both 
configurations  was  measured  to  be  -15%  with  peak  output  powers  exceeding  30  mW.  The 
above  threshold  far-field  angle  of  both  configurations  was  measured  to  be  ~6’full  angle 
corresponding  to  a  10  [im  spot  size,  in  agreement  with  the  measured  spot  size.  The  small 
divergence  angles  make  these  SEL's  ideal  for  coupling  light  into  optical  fibers  with  minimal 
loss  (see  Fig.III.5  ). 
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Light  In  (mW) 


Fig. III. 4  L-L  curves  for  both  the  PG  and  the  UG.  The  full  scale  vertical  axis  corresponds 
roughly  to  2  mW.  The  PG  structure  consistently  produced  threshold  power  densities 
appyoroximately  30-40%  lower  than  the  comparable  UG  structure. 


Fig.ni.5  Photo  of  the  infrared  laser  beam  emitted  from  sample.  The  laser  is  the  small  bright 
spot  at  the  left.  The  beam  passes  through  a  filter  (to  completely  remove  the  pump  beam)  and 
travels  to  the  card  placed  30  cm  to  the  right. 
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To  ultimately  make  our  devices  practical,  we  need  to  have  a  way  of  electrically  contacting  them. 
We  have  developed  a  fabrication  process  which  provides  carrier  injection  to  the  active  region 
by  doping  the  top  mirror  layers  p-type  and  the  bottom  mirror  layers,  as  well  as  the  substrate,  n- 
type.  Contact  metallization  to  the  top  p-type  mirror  layers  poses  a  problem  in  a  GaAs  surface- 
emitting  laser,  because  light  must  be  collected  from  the  surface  of  the  wafer  (since  the  GaAs 
substrate  wafer  is  highly  absorbing).  Therefore,  we  cannot  cover  the  area  where  light  is 
emitted  from  the  surface  with  metal.  However,  by  utilizing  strained-layer  InGaAs  quantum 
wells,  the  lasing  wavelength  can  be  increased  to  0.95-1.0  jim,  allowing  the  light  to  be  collected 
through  the  substrate  (since  the  substrate  is  transparent  at  these  wavelengths).  This  allows  us 
to  completely  cover  the  top  surface  with  metal,  making  the  fabrication  process  much  simpler. 
Thus,  developing  the  technology  to  grow  high  quality,  conventional  in-plane  single  QW 
InGaAs  lasers  (see  section  I.e)  was  partially  motivated  by  the  practical  fabrication  advantages 
that  InGaAs  quantum  wells  offer  over  standard  GaAs  quantum  wells  in  surface-emitting  lasers. 

Fig.ni.6a  illustrates  a  cross-section  of  the  finished  laser  structure  which  incorporates  a 
single  InGaAs  quantum  well.  As  can  be  seen,  the  lateral  carrier  and  optical  confinement  are 
formed  by  etching  a  vertical  mesa  of  5-10  p.m  in  diameter  and  3-4  p,m  in  depth.  A  polyimide 
layer  insulates  the  top  metal  layer  from  the  n-type  bottom  mirror  in  the  field,  while  at  the  same 
time  providing  a  sloped  mesa  sidewall  for  better  step-coverage  of  the  p-type  top  metallization 
layer  at  the  edges  of  the  mesa.  Electrical  I-V  curves  are  shown  in  Fig.III.6b.  We  believe  that 
the  consistently  high  tum-on  characteristics  (>40  V)  of  these  devices  are  due  to  the  large 
heterobarriers  within  twenty-plus  alternating  GaAs/AiAs  p-P  junctions  of  the  top  mirror  layer. 
The  high  tum-on  has  thus  far  prevented  us  from  providing  high  enough  current  densities  to  see 
lasing  behavior  in  these  devices.  We  are  presently  working  on  ways  to  avoid  this  problem. 


Fig. III. 6  Electrical  characteristics  of  InGaAs  quantum  well  SEL.  (a)  Cross-sectional  view  of 
finished  laser.  RIE  etched  mesa  with  a  polyimide  insulating  layer  and  metal  contact  pad  can  be 
clearly  seen,  (b)  I-V  curve  for  the  structure. 
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IV.  Novel  Waveguide  Devices 

a.  Impurity -free  disordering  ofGoAslAlGaAs  quantum  well  structures 

1.  Motivation; 

By  disordering,  that  is  by  interdiffusing  A1  and  Ga  in  a  quantum  well,  one  can  make  the 
band  gap  of  the  structure  larger  and  the  refractive  index  smaller.  If  this  can  be  achieved  locally 
on  a  sample,  then  the  disordering  can  be  used  to  provide  lateral  confinement  in  waveguides. 
Moreover,  the  disordered  section  is  transparent  at  the  lasing  wavelength  of  the  as-grown  (non 
disordered)  section.  Therefore,  disordering  makes  possible  the  monolithic  integration  of  butt- 
coupled  laser  and  transparent  waveguide,  from  a  single  epitaxy.  If  the  quality  of  the  material 
after  disordering  is  such  that  the  shift  of  the  absorption  edge  under  electric  field  (the  so  called 
Quantum  Confined  Stark  Effect)  is  still  efficient,  phase  modulation  is  possible  as  well.  Of 
course,  taking  advantage  of  the  conventional  linear  electro-optic  effect  (Pockels  effect)  may 
reinforce  this  quadratic  effect.  We  are  reporting  here  how  the  two  necessary  conditions, 
disordering  and  selectivity  of  the  disordering  have  been  obtained,  for  two  different  techniques; 
Argon  implantation  and  thermal  annealing  of  samples  covered  with  various  caps. 

2.  Argon  Implantation; 

The  test  structure  is  shown  on  Fig.  IV.  1.  A  separate  confinement  structure  is  used  which 
is  made  of  four  QW's  in  a  20%  A1  waveguide,  itself  embedded  in  40%  A1  cladding  layers.  The 
energy  of  the  Ar  ions  is  3MeV  and  the  dose,  7el4  cm'2.  An  anneal  of  850°C  for  30  minutes 
recovers  damage  after  implantation. 

Cathodoluminescence  was  measured,  showing  a  very  large  "blue"  shift  of  100  meV  in 
energy,  that  is  about  500  A  in  wavelength  (Fig.IV.2).  The  largest  peak  visible  on  the  "as- 
grown  sample"  curve  is  due  to  some  spreading  of  the  electron  beam  in  the  partially  disordered 
region  which  separates  the  implanted  from  the  unimplanted  section. 

Waveguide  loss  at  1.15  pm  measured  in  unimplanted  and  implanted  regions  was  15  and 
25  cm‘^  respectively.  In  both  cases,  the  measurement  was  made  at  a  wavelength  far  from  the 
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Fig.  TV.  2.  Cathodoluminescence  after  implantation 
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band  edge,  and  makes  it  possible  to  compare  the  quality  of  the  material  before  and  after 
implantation.  Although  damaged,  the  disordered  material  has  been  successfully  used  as  a 
lateral  confinement  layer  in  a  planar  waveguide.  At  1.15  p.m,  loss  in  unimplanted  waveguides 
was  independent  of  stripe  width,  yet  was  single  mode  for  stripe-widths  up  to  8  p.m. 
Moreover,  by  decreasing  the  dose  of  implanted  ions,  and  therefore  the  disordering,  one  should 
also  reduce  the  damage,  making  this  technique  more  attractive  for  integration  of  a  laser  and 
waveguide. 

3.  Thermal  annealing; 

The  same  4  QW  structure  is  used  here.  Before  annealing,  photoluminescence  reveals  a 
free  exciton  peak  at  8500  A,  with  a  line  width  (FWHM)  of  10  A  (  2  meV  ). 
Photoluminescence  was  measured  again  after  annealing  at  800,  850  and  900®C  for  various 
times[Fig  IV.3].  No  significant  disordering  was  observed  at  800®C,  in  the  range  of  1  hour  of 
annealing.  At  850  and  900®C,  the  enhancement  of  the  disordering  is  obvious  under  the  Si02- 
Nevertheless,  at  900®C,  the  very  large  blue  shift  always  comes  together  with  a  very  broad  line 
width,  which  indicates  the  poor  uniformity  in  thickness,  after  annealing.  Good  selectivity  is 
measured  after  annealing  50min  at  850°C.  No  shift  is  observed  under  the  SiN,  which  seals  the 
surface[IV.l],  whereas  an  80  A  blue  shift  is  observed  under  the  SiC)2-  Under  both  caps,  the 
luminescence  peak  slightly  broadens,  by  8  and  1 1  A,  respectively. 

To  make  devices,  contacts  were  electroplated  on  the  non-annealed  sample;  50  |xm  wide 
Platinum  stripes  on  the  p  side  and  Indium  on  the  back  side.  After  lapping  and  cleaving, 
devices  were  tested  as  lasers  under  pulsed  excitation.  Before  annealing,  the  threshold  current 
density  was  700  A  /  cm  2  and  the  measured  wavelength  was  =  8650  A,  which  represents 
a  shift  of  150  A  from  the  exciton  peak.  To  selectively  disorder  one  section  of  the  sample,  a 
1000  ASiN  layer  is  deposited  by  Plasma  Enhanced  C.V.D(PECVD).  Then,  a  step  of 
photoresist  (parallel  to  a  cleaved  facet ),  is  used  to  partially  mask  the  dielectric,  before  etching 
with  a  CF4  plasma.  After  removing  the  photoresist,  a  1000  A  SiO  layer  is  deposited  by 
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PECVD[Fig.IV.4].  Finally,  the  sample  is  annealed  in  sealed  ampule,  with  an  overpressure  of 
As,  at  850°C  for  50min.  Again,  a  80  Aselective  blue  shift  is  observed,  under  the  Si02  while 
no  shift  is  measured  under  SiN.  The  integration  of  a  laser  and  modulator  on  this  sample  is  in 
progress. 

Some  further  measurements  were  made  on  the  sample  annealed  IH  at  850®C,  taken 
from  the  same  wafer.  Under  the  SiOi  the  shift  is  very  large  (330  A),  but  the  broadening  of  the 
luminescence  peak  is  also  large  (80  A)  and  lasing  could  not  be  obtained  from  the  sample. 
Nevertheless,  on  the  SiN  capped  sample,  a  1(X)  A  blue  shifted  peak  is  measured  (excitonic 
peak  at  84(X)  A),  with  a  26  Aline  width.  Broad  area  contacts  were  deposited,  and  laser 
fabrication  and  testing  as  well  as  photoconductivity  measurements  were  carried  out.  Our 
purpose  Was  to  check  the  quality  of  the  material  in  that  range  of  disordering.  The  threshold 
current  density  was  620  A  /  cm^.  Although  the  lasers  were  processed  from  the  same  wafer, 
some  inhomogeneity  across  the  sample  may  explain  the  slight  decrease.  Such  a  result 
demonstrates  that  the  annealing  does  not  affect  the  laser  properties.  The  wavelength,  = 
85(X)  A,  is  shifted  by  1(X)  Afrom  the  exciton,compared  to  150  Afor  the  non-annealed  sample. 
The  difference  is  not  yet  clearly  understood,  although  the  change  in  well  shape  is  the  probable 
cause.  In  our  photoconductivity  measurement  set-up,  the  beam  is  normal  to  the  surface  of  the 
sample  and  the  photocurrent  at  room  temperature  is  recorded  versus  wavelength, (Fig.IV.5a), 
before  and  after  annealing.  The  100  A  shift  is  consistent  with  the  PL  measurement.  Indeed, 
the  heavy  and  light  hole  exciton  are  still  resolved  after  annealing[rV.2].  Moreover,  the  red  shift 
under  reverse  bias  (QCSE)  is  clearly  observed  on  Fig.IV.5b.  The  lamp  which  is  currently 
used  has  a  low  power  and  the  signal  to  noise  ratio  becomes  too  small  for  a  quantitatively  valid 
recording  beyond  -3V,  where  the  dark  current  increases  rapidly.  Nevertheless,  until  -3V, 
which  corresponds  to  a  perpendicular  field  of  about  lOOkV,  the  amplitude  of  the  Stark  shift  is 
comparable  on  the  annealed  and  non  annealed  sample.  This  indicates  that  the  PIN  diode  is 
preserved  by  the  thermal  annealing. 
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4.  Conclusions; 

Two  techniques  have  been  used  to  selectively  disorder  one  section  of  a  GaAs/AlGaAs 
Multiple  Quantum  well  (MQW)  structure: 

-  Planar  monomode  waveguides  have  been  fabricated  where  the  Argon  implanted 
region  provides  the  lateral  confinement.  Yet,  in  our  experimental  conditions,  with  a  very  large 
disordering,  the  material  losses  are  still  too  large  for  the  implanted  area  to  be  used  as  the  core  of 
a  waveguide.  Lower  energy  or  dose  might  be  more  suitable  for  this  application. 

-  A  permanent  blue  shift  of  the  band  edge  of  100  A,  localized  in  one  section  of  a  wafer 
has  been  achieved  by  thermal  annealing  of  a  MQW  sample,  with  a  surface  partially  capped 
with  SiN  ( laser )  and  with  SiO  ( modulator ).  On  both  sections,  the  photoluminescence  peak 
is  only  slightly  broadened.  Moreover,  laser  properties  as  well  as  the  Quantum  Confined  Staik 
Effect  are  preserved,  even  in  the  disordered  section,  which  indicates  that  the  as-grown  P-N 
junction  is  retained.  Therefore,  the  investigated  process  should  be  highly  suitable  for  the 
monolithic  integration  of  a  laser  and  phase  modulator. 

b.  Depletion  Edge  Translation  Optical  Switch 

Optical  switches  are  key  components  in  optical  transmission  networks  or  optical  signal 
processing[IV.3,  IV.4].  For  this  reason,  making  high-speed,  high-extinction-ratio,  small 
photonic  switches  is  attracting  more  and  more  attention.  A  couple  of  years  ago,  we  proposed 
an  AlGaAs/GaAs  X-crossing  optical  switch  which  uses  the  concept  of  reflection  from  a 
depletion  edge  that  can  be  translated  across  the  waveguide.  This  structure  provides  a  sharp  and 
well  defined  impedance  discontinuity  as  well  as  benefiting  from  carrier  related  effects  by  using 
doped  active  regions. 

The  schematic  diagram  of  the  switch  is  shown  in  Fig.rV.6a.  To  switch  light  between  the 
transmission  guide  and  the  reflection  guides,  it  is  necessary  to  have  an  impedance  discontinuity 
variation  at  the  intersection  of  the  two  waveguides.  It  can  be  seen  from  the  diagram  that  the  p-n 
jujiction  is  formed  at  the  cross  section  of  the  two  waveguides.  When  a  reverse  bias  is  applied. 


33 


the  depletion  edge  of  the  p-n  junction  will  sweep  across  the  guide  layer;  that  is,  the  depletion 
width  in  the  guide  layer  can  be  controlled  by  the  applied  reverse  bias.  So  the  effective  refractive 
index  in  the  guide  layer  to  the  right  will  change  because  of  the  modulation  of  the  depletion 
region.  Due  to  this  impedance  discondnuity,  a  reflecdon  occurs  and  is  controlled  by  changing 
the  reverse  bias.  Therefore,  the  incident  light  power  PI  can  be  switched  between  P2  and  P3 
by  the  reflection,  and  the  ratio  of  the  transmitted  light  P2  to  the  reflected  light  P3  depends  on 
the  applied  reverse  bias. 

The  switch  was  fabricated  on  an  n+  GaAs  wafer  by  growing  a  double  heterostructure 
using  MBE  (Molecule  Beam  Epitaxy).  To  create  the  impedance  discontinuity,  silicon  ions  were 
implanted  at  70  keV  and  at  370  keV,  each  at  a  fluence  of  SxlO^^  cm"2,  and  rapid  annealed  at 
920°C  for  15  second  into  the  areas  indicated  on  Fig.rV.6b.  After  implantation  and  annealing,  5 
pm  wide  ridge  waveguides  whose  X-crossing  angle  20was  about  6.8°  were  formed  by  using 
a  Br;  HBr  wet  etch.  A  window  was  opened  through  the  Si02  film  for  the  p  region  electrode. 

At  1.06  pm,  the  switch  exhibits  a  contrast  ratio  of  more  than  2: 1  for  the  TE  mode  at  both 
transmission  and  reflection  guides  when  the  applied  reverse  bias  is  switched  from  0  to  -8  volts. 
Fig.  IV.7a  shows  the  changed  output  light  intensity  P2  and  P3  as  functions  of  the  applied 
voltage[IV.5].  To  better  approximate  a  plane  wave  situation,  similar  Y-branch  multimode 
switches  which  have  multimode  20  pm  wide  guides  have  been  fabricated  and  measured.  Also, 
the  output  light  from  the  straight  guide  and  from  the  Y-branch  was  observed  as  a  function  of 
the  applied  reverse  bias.  Fig.  IV.7b  shows  the  change  of  the  output  light  intensity  vs.  applied 
voltages  for  the  multimodes[IV.6].  It  can  be  seen  from  Fig.  IV.7a  and  Fig.  rv.7b  that  the  on- 
off  ratio  for  the  multimode  device  is  higher  than  that  of  the  single  mode  device.  It  is  believed 
that  the  differences  between  the  k-spectrum,  that  is,  the  plane  wave  composition,  for 
multimode  and  single  nxxle,  and  modal  interference  for  the  multimode  case  are  involved. 

Some  initial  calculations  have  been  done  based  on  Fourier  expansion  techniques  [IV.7] 
to  verify  the  experimental  results.  Agreement  between  calculated  and  experimental  results  is  not 
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Fig.  IV.  6(a)  Schematic  diagram  of  the  switch. 
A  planar  p-n  junction  remains  in  the  shaded 
re^on  that  was  masked  from  the  Si  implantation. 
This  allows  for  a  controlled  change  in  die 
effective  index  there  and  therefore  the  reflection 
at  the  edge  of  the  region. 


Fig.  rV.  6(b)  Cross-section  through  points  A-A’ 
of  fig.  1(a).  The  guide  layer  is  0.2|im  thick,  the 
set  back  layer  is  O.ljim  thick,  the  n-A10.4GaAs 
cladding  layer  is  l|im,  and  the  dope 
concentrations  for  those  layers  are  2xl0l7cm-3- 
P-Al0.4GaAs  layer  is  0.45|j.m,  5xl017cm-3. 
Guided  light  is  reflected  at  the  intersection  of  the 
left  and  right  regions,  and  is  controUwl  by  the 
change  in  the  effective  index  in  the  right  side. 


Applied  Voltage  (volte) 

(•) 

Fig.  IV.  7(a)  Output  light  intensity  change  from 
the  transmission  guide  (P2)  and  from  the 
reflection  guide  (P3)  vs.  the  applied  reverse  bias 
for  the  X-crossing  single  mode  switch. 


(b) 

Fig.IV.  7(b)  Output  light  intensity  change  from 
the  transmission  guide  (P2)  and  from  the 
reflection  guide  (P3)  vs.  the  applied  reverse  bias 
for  the  Y-branch  multimode  switch. 
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very  good  which  is  probably  because  the  calculation  did  not  take  into  account  a  number  of 
secondary  boundaries  between  the  input  and  output  planes.  However,  from  the  calculation,  it 
was  found  that  the  performance  of  the  switch  can  be  improved  by  further  optimizing  the 
thickness  of  the  set  back  layer  to  have  a  small  crosstalk  and  high  reflection,  by  adjusting  the 
doping  concentration  and  the  thickness  of  the  guide  layer,  or  by  using  modulation-doped 
quantum-well  effects  to  cause  large  refractive  index  changes, 
c.  Waveguide  Phase  Modulators 

Progress  in  double  heterostructuie  (DH)  waveguide  phase  modulators  has  led  to  studies 
of  a  similar  structure  using  quantum  wells,  and  finally  to  a  comparison  between  the  two 
devices  in  terms  of  phase  shift  efficiency  and  the  chirp  parameter. 

Initial  work  with  double  heterostructuie  (DH)  waveguide  phase  modulators  used  for  the 
first  time  a  Depletion  Edge  Translation  (DET)  technique  by  including  botli  field  and  carrier 
effects  to  achieve  what  are  still  the  largest  phase  shift  efficiencies  reported  for  GaAs/AlGaAs 
DH  phase  modulators  (~100  ®A^mm  at  1.06  ^im)  [IV.8-IV.12].  A  theoretical  analysis  of  this 
DH  phase  modulator  compared  two  designs,  one  with  a  pn  junction  at  the  edge  of  a  waveguide 
and  one  with  the  junction  in  the  center  of  the  waveguide,  and  including  the  effect  of  doping 
levels  in  the  active  region  [IV.13-IV.15].  For  the  first  time,  the  phase  shift  efficiency  was 
characterized  as  a  function  of  voltage  and  wavelength  with  respect  to  all  of  the  different  effects 
causing  the  change  in  index  (see  Fig.  rV.8-rV.9).  Finally,  we  calculated  the  relative  change  in 
absorption  due  to  these  same  effects  and  noted  that  one  could  design  a  modulator  with  n  phase 
shift  (at  an  operating  voltage  of  0  to  -5  V)  and  less  than  3  dB  of  absorption  modulation  at 
wavelengths  longer  than  0.99  jmi  in  GaAs. 

We  also  showed  that  waveguide  phase  modulators  could  be  fabricated  using  impurity 
induced  disordering  (IID)  technology  [IV.16-IV.17].  This  allows  for  integration  with  lasers 
using  a  similar  technology  and  planar  structures.  Two  methods  were  used:  one  method  used 
diffusion  fix)m  a  planar  surface  into  a  DH  modulator  structure,  and  the  other  used  diffusion  into 
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Fig.  IV.  8.  Voltage  dependence  of  the  effective  refractive  index  variation  and  the 
corresponding  phase  shift  for  the  device  with  the  junction  at  the  edge.  Lines  correspond  to  the 
theoretical  escalations  assuming  a  wavelength  of  1.06|xm  and  a  device  length  of  800pm  to 
obtain  the  phase  shift.  Four  contributions  to  the  total  phase  shift  are  shown:  LEO  (linear 
electrooptic  effect),  ER  (electrorefractive  effect),  PL  (plasma  effect),  and  BF  (band-filling 
effect).  Experimental  points  from  [1]  are  shown  as  dots  for  the  TE  mode  and  triangles  for  the 
TM  nxxle.  No  fitting  parameters  were  used  in  the  theoretical  calculations. 
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Fig.  rv.  9.  Wavelenth  dependence  for  the  normalized  phase  shift  of  a  device  with  the  junction 

at  the  edge,  assuming  a  doping  in  the  waveguide  of  3  x  10*^  cm‘^  and  a  reverse  bias  of  4  V. 
Experimental  points  for  the  TE  mode  (solid  points)  and  the  TM  mode  (triangles)  are  shown 
from  [5].  For  wavelengths  close  to  the  bandgap,  ER  and  BF  effects  becomes  more  imponant 
than  the  LEO  effect.  For  X  =  0.9  pm,  efficiencies  of  up  to  ~170’A^  •  mm  are  predicted.  Right- 
hand  axis  gives  the  small  signal  cutoff  frequency  for  a  3-pm  waveguide  width,  a  load 
resistance  of  50  O,  and  length  of  L^  at  V^  =  4  V. 
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the  sides  of  a  ridge  formed  in  a  single  quantum  well  (QW)  structure  with  an  undoped  active 
region  (see  Fig.  IV.  10).  This  work  showed  that  the  modulators  were  as  efficient  and  no  more 
loss  than  for  wet-etched  ridge  technology  (see  Fig.  IV.  1 1). 

It  was  pointed  out  that  by  increasing  the  number  of  quantum  wells  in  a  modulator  the 
efficiency  increases,  but  the  ratio  of  phase  modulation  to  absorption  modulation  decreases 
[IV.  18].  This  is  measured  by  the  chirp  parameter  (ac)  and  it  was  shown  that  for  devices 
integrated  within  a  laser  cavity  the  optimum  number  of  wells  may  be  2-4  to  have  an  efficient 
modulator  but  still  allow  lasing.  For  stand  alone  devices,  one  would  want  as  many  wells  as 
possible,  to  improve  the  efficiency  (see  Fig.  IV.  12),  since  an  adequate  chirp  parameter 
(ac>10)  is  obtained  at  about  the  same  wavelength  anyway  (wavelengths  greater  than  -0.89 
pm). 

Finally,  we  compared  the  DH  DET  design  to  the  QW  design  with  respect  to  efficiency 
and  the  chirp  parameter.  Initial  results  indicated  that  the  chirp  parameter  increases  to  an 
adequate  level  for  phase-dominant  modulation  ((Xc>10)  nearer  to  the  absorption  edge  and  more 
abruptly  for  the  QW  design  than  for  the  DH  design  (see  Fig.  IV.  13)  [IV.  19].  At  this  boundary 
point,  the  phase  shift  efficiencies  are  roughly  equal,  but  the  possibility  of  working  nearer  to  the 
band  edge  is  encouraging  for  integration  with  lasers. 
d.  Impurity  Induced  Disordered  Laser  by  Self-aligned  Si-Zn  diffusion 

Quantum  well  lasers  by  impurity-induced  disordering  (IID)  are  very  attractive  for 
application  to  OEIC's  due  to  its  very  low  threshold  current  and  its  relatively  simple  fabrication 
procedures.  Good  IID  lasers  with  threshold  currents  as  low  as  3  mA  made  by  Si  diffusion 
disordering  have  been  reported[IV.20].  However,  the  laser  structure  itself  still  requires 
complicated  fabrication  procedures  involving  selective  etching  of  the  top  contact  layer  and 
critical  alignment  to  obtain  lateral  current  confinement.  In  order  to  simplify  the  laser  fabrication, 
a  possible  approach  is  to  design  a  structure  which  can  employ  the  technology  of  self-aligned 
Si-Zn  diffusion  developed  recently[IV.21]. 
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Fig.  IV.  10.  Device  schematics  (top,  SEM  cros  sections  (center),  and  near-field  mode  patterns 
(bottom)  for  (a)  MBE-grown  SQW  waveguide,  and  (b)  LPE-grown  DH  waveguide.  The 
GaAs  regions  have  been  stained  with  superoxol  (H2O2  based  etch).  Guide  widths  as  measured 
in  the  SEM  are  indicated  for  each  mode  profile.  Single-mode  propagation  was  observed  for 
guides  less  than  4-6p.m  width. 


Fig.  IV.  11.  Normalized  phase  shift  at  l.lSum  for  TE  and  TM  polarizations  vs  applied  voltage 
for  (a)  the  MBE  SQW  device,  and  (b)  the  LPE  DH  device.  Theoretical  estimates  are  shown  by 
solid  lines.  The  TM  measurement  for  (a)  was  too  small  to  measure,  as  expected. 
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WAVELENGTH  (^im) 

Fig.  IV.  12.  Experimental  results  for  phase  modulation  efficiency  as  a  function  of  wavelength 
for  three  quantum  well  structures  and  for  TE  (a)  and  TM  (b)  polarizations.  Data  were  taken 
between  0  and  -5  V.  The  curves  serve  only  to  aid  the  eye. 
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Fig.  IV.  13.  The  chirp  parameter  (ac)  shown  as  a  function  of  wavelength  and  the  shift  in 
wavelength  from  each  absorption  edge.  The  three  QW  cases  are  present^  in  (a )  at  -2  V  and 
the  DH  case  is  presented  in  (b)  for  -2,  -5,  and  -10  V. 
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We  speculated  that  the  top  GaAs  layer  (see  Fig. IV.  14),  which  is  necessary  to  facilitate 
the  ohmic  contact,  will  become  a  larger  band  gap  material  (Si2)x(AlyGai.yAs)i-x  after  Si 
diffusion  if  the  thickness  is  less  than  lOOOA.  Therefore,  it  is  not  necessary  to  worry  about  the 
leakage  current  through  the  p-n  junction  in  the  top  GaAs  layer;  and  IID  novel  lasers,  which 
require  simpler  fabrication  procedures  and  have  better  laser  stripe  width  control  due  to  a  direct 
compatibility  with  the  technology  of  self-aligned  Si-Zn  diffusion,  have  been  developed.  Good 
lasers  with  low  threshold  currents  (20mA)  and  high  yield  (>70%)  have  been  demonstrated  by 
our  initial  attempts  (see  Fig.IV.  15) . 
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Fig,  IV  14.  Laser  Structure 


Fig.IV.  15.  Laser  Characteristics 
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